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Abstract
Human neuroblastoma (SH-SY5Y) cells, with its ability to differentiate into neurons, 
have been widely used as the in vitro cell culture model for neuroscience research, es-
pecially in studying the pathogenesis of Parkinson’s disease (PD) and developing ther-
apeutic strategies. Cellular elasticity could potentially serve as a biomarker to quanti-
tatively distinguish undifferentiated and differentiated SH-SY5Y cells. The goal of this 
work is to characterize the retinoic acid (RA) induced alternations of elastic properties 
of SH-SY5Y cells using atomic force microscopy (AFM). The elasticity was measured at 
multiple points of a single cell. Results have shown that the differentiation of SH-SY5Y 
cell led to a larger elastic modulus, which is three times more than that of undifferenti-
ated cells. A higher indentation rate applied during AFM measurements led to a larger 
elastic modulus of the cell. This work provides new insights into the differentiation pro-
cess identified by the elasticity marker, which could be extended to investigate the func-
tion, health and ageing of cells. 
Keywords: Elasticity, human neuroblastoma SH-SY5Y cells, differentiation, retinoic acid  
1. Introduction 
Parkinson’s disease (PD), the second most common neurological disease, is age-related 
progressive loss of neurons in the brain.1 The neuronal degradation was extensively stud-
ied through in vitro cell culture models for better understanding the mechanism of PD. 
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Specifically, the human neuroblastoma SH-SY5Y cell line, derived from human sympa-
thetic neuronal tissue,2 has been commonly used to investigate the pathogenesis of neuro-
nal degeneration3 and apoptosis.4 Various neurogenic soluble factors, such as brain derived 
neurotrophic factor,5 norepinophrine, and retinoic acid (RA), were used to differentiate SH-
SY5Y cell into a mature neuronal phenotype with extensive neurite outgrowth.6 Cells were 
generally considered to be differentiated based on the altered morphology only.7 To fully 
understand the differentiation process, it requires further biochemical and biomechanical 
characterization of SH-SY5Y cells.8 
Cellular elasticity, a potential biomechanical indicator, provide quantitative informa-
tion for inferring cellular function and health.9 It has served as the biomarker for detecting 
the abnormal behavior of cancerous cells,10 genetically defected red blood cells,11 the age-
ing process of the human epithelial cells,12 the shear-induced deformation of bovine en-
dothelial cells,13 etc. Various techniques, including micropipette aspiration,14 the biomem-
brane force probe,15 optical tweezers, 16 magnetic tweezers,17 and atomic force microscope 
(AFM),18 were used for probing the elasticity of cells. 
In this work, nanoscale indentations on both differentiated and undifferentiated SH-
SY5Y cells were conducted using AFM. The experimentally obtained force curves at mul-
tiple points of a single cell were fitted to a Sneddon contact model to obtain the elastic 
moduli. The cellular heterogeneity as well as the elasticity for both differentiated and un-
differentiated SH-SY5Y cells were characterized. The effect of indentation rate on the mea-
sured elastic moduli was also studied. 
2. Material and Methods 
Human neuroblastoma SH-SY5Y cells (ATCC) were cultured in high glucose Dulbecco’s 
modified Eagle’s media (DMEM) supplemented with 10% fetal bovine serum and 1% 
penicillin–streptomycin (Invitrogen). The cells were maintained in a 5% CO2 humidified 
incubator at 37°C. The pre-coating of 18-mm-diameter glass coverslips were performed 
in 12-well plates with Porcogen collagen I solution (50 μg/mL) (SunMax Biotechnology) 
and incubated for 1 h at room temperature under a culture hood. After 1 h, the collagen 
I solution was aspirated. The collagen I coated coverslips were then washed three times 
with phosphate-buffered saline (PBS, Sigma). This pre-coating process was completed 
immediately before cell culture. For seeding cells, SH-SY5Y cells were treated with 0.25% 
Ethylenediaminetetraacetic acid (EDTA, Invitrogen) and harvested in a 15mL centrifuge 
tube. After centrifugation at 1200 rpm for 5 min, supernatant was aspirated and then 
fresh media was replaced. The collected cells were counted with hemocytometer and 
seeded on the collagen I coated glass coverslips with a seeding density of 5 × 103 cells/
coverslip. This low seeding density allows cells separate from each other for convenient 
characterization of single SH-SY5Y cell. To obtain undifferentiated and differentiated 
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cells, SH-SY5Y cells were treated with the same media (DMEM  supplemented with 10% 
fetal bovine serum and 1% penicillin–streptomycin) further supplemented with 0 or 10 
μg/mL RA for seven days. The media were refreshed every two days, and on the 7th day, 
the cells were separated from each other and ready for the AFM test. For confocal immu-
nofluorescence imaging, cultured cells were washed with PBS, fixed with 4% paraformal-
dehyde, and permeabilized with 0.1% Triton X-100 solution for 15 min. They were then 
incubated for 45 min with 1% bovine serum albumin solution and following with rhoda-
mine phalloidin (Invitrogen) for 30 min to stain actin. After washing, nucleus was dou-
ble-stained with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) for one min. Stained 
actin and nuclei were then observed under a fluorescence microscope (Leica DMI 4000B, 
Germany). 
A commercial AFM system (MFP-3D Stand Alone, Asylum Research) was used in this 
work. The scanning range of this AFM is 90μm × 90μm at XY plane and 15 μm along Z 
direction. Silicon nitride cantilevers (spring constant: 0.02 N/m, Olympus TR400PB) with 
tip radii of 42 ± 12nm were used for cellular imaging and indentation in culture medium. 
Prior to conducting indentations on cells, the deflection sensitivity of cantilever was cali-
brated by taking a force curve via indentation on the standard bare glass slide, and a trig-
ger level of 0.45V was used in this calibration. For the experiments presented here, the 
deflection sensitivity was set as 125.29 nm/V. The spring constant was then calibrated as 
0.02246 N/m using thermal tune method.19 Before AFM experiments, the cells were first 
observed and imaged under an optical microscope (Leica), and the cell sizes were esti-
mated. During AFM experiments, the coverslip with cells was first mounted on a Petri 
dish and immersed in DMEM with HEPES buffer. They were then mounted on the AFM 
stage. Under the guide of the optical microscope integrated in AFM, both the tips and 
cells could be observed. The indentations were conducted on a square area of 12 × 12 m2 
at the central portion of the cell, based on the estimated cell size of around 50 × 20 m2 for 
differentiated cell. Total 36 (6 × 6) indentations were conducted with a lateral distance of 
2 μm. The force indentation curve at each point was obtained using a force control mode, 
which is manipulated by defining a trigger level of 0.4 V, i.e., an equivalent indentation 
force up to 1.1 nN. The indentation rate was set as 5.95 μm/s. To investigate the effect of 
indentation rate on measured cellular elasticity, a smaller indentation rate of 0.5 μm/s 
was used. Both indentation rates were consistent with the range (0.1–10 μm/s) used for 
a single cortical neurons.20 During each indentation cycle, the displacement and the de-
flection of the cantilever were monitored and recorded. All AFM experiments on the cells 
were performed in media at room temperature. 
The obtained deflection and displacement data were used to calculate the elastic modu-
lus of cell. Based on Hooke’s law, the indentation force F(nN) was calculated as the prod-
uct of cantilever spring constant k(N/m) and deflection of the cantilever d(nm) as F = k ∙ d. 
The actual indentation depth δ(nm) was obtained by measuring the difference between the 
displacement z(nm) and deflection d(nm) as δ = z – d. The deflection–displacement curve 
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was then converted into a force–indentation  curve. The Sneddon contact model for a con-
ical tip21 was adopted to fit the approaching portion of the force curve: 
F  =
  2  ∙     E     ∙ δ2 ∙ tan α        (1) 
       π    1 – ν2
where E is the elastic modulus of the sample (Pa), ν is the Poisson’s ratio (0.5) and α is the 
half cone angle of the conical tip (35°). The least-squares method was used to fit the exper-
imental indentation curves with the non-linear Sneddon model and, therefore, to derive 
the cellular elastic modulus. 
3. Results 
After SH-SY5Y cells were differentiated with RA exposure for seven days, cells were visu-
alized using optical microscope (Leica); meanwhile, undifferentiated cells were grown the 
same way but without RA (Figure 1). The spindle shape of cell body and the neurite out-
growth for the differentiated cells could be observed. In the immunofluorescent imaging of 
actin (Figure 2), well-developed actin microfilaments could be observed for RA-treated dif-
ferentiated SH-SY5Y cells. On the other hand, for undifferentiated cells actin staining was 
rather diffused and filament-like structure was seldom seen. 
After the indentations on differentiated SH-SY5Y cell, the local elastic moduli were ob-
tained. The histograms for cellular elastic moduli of both differentiated and undifferen-
tiated cells were depicted in Figure 3. It is clear that the frequency distribution of differ-
entiated cell is towards larger elastic moduli, compared with the undifferentiated cell. By 
averaging the elastic moduli at all points, the elasticity of the differentiated SH-SY5Y cell 
was 1368.8 ± 773.9 Pa and 448.9 ± 261.5 Pa for undifferentiated cells. 
                                            (a)                                                                          (b) 
Figure 1. Optical microscopic images of differentiated (a) and undifferentiated (b) SH-SY5Y cells.  
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A larger standard deviation was expected due to the inherent heterogeneity of both dif-
ferentiated and undifferentiated cells. This is consistent with other cellular studies.22 The 
average elastic modulus of differentiated cell is much larger than the modulus for undiffer-
entiated cell. To calculate the statistically significant difference between two mean elastic 
moduli of both undifferentiated and differentiated cells, a z-test instead of t-test was used 
considering both dataset sizes are larger than 30.23 The null hypothesis is that the differ-
ence between two means is 800 Pa, while the alternative hypothesis is that the difference is 
larger than 800 Pa. The test statistic was calculated using the formula below.23 
         ‾y1 –  ‾y2  –  (μ1 – μ2)0z  =




2                    
(2)
 
              
√ n1       n2 
where ‾y1 and ‾y2 are the calculated means of elastic modulus for one differentiated and one 
undifferentiated cell, respectively; (μ1 – μ2)0  = 800; σ1
2 and σ
2
2  are the calculated variances 
                                                      (a)                                                                      (b)  
Figure 2. Immunofluorescent images of actin cytoskeletons (red) and nucleus (blue) for differentiated 
(a) and undifferentiated (b) SH-SY5Y cells (scale bar = 20.0 μm).  
Figure 3. The histogram of elastic moduli for both differentiated and undifferentiated SH-SY5Y cells. 
6 Zhao et  al .  in  Journal  of  Mechanics  in  Medic ine  and  B iology  1 5  ( 2 0 1 5 ) 
for two cells, respectively; while n1 and n2 are their respective sample sizes. The signifi-
cance level was chosen as 0.05. The calculated z score statistic is z = 0.88 > z0.05 = 0.48, indi-
cating that the null hypothesis was rejected and the mean value of the differentiated cell 
elasticity is larger than the undifferentiated cell by at least 800 Pa from the statistical view 
at indentation rate of 5.95 μm/s. 
The indentation rate adopted in the reported AFM tests varied, and its impact on the 
cellular elasticity was controversial.8,24 Herein two indentation rates, i.e., 5.95 and 0.5 μm/s 
were compared for both undifferentiated and differentiated cells to quantify the effect of 
indentation rate on the elasticity of SH-SY5Y cells (Figure 4). For a smaller indentation rate 
of 0.5 μm/s the elastic moduli were calculated as 249.2 ± 81:3 Pa for undifferentiated cells, 
and 483.2 ± 226.7 Pa for differentiated cells, respectively. Both were much smaller (p < 0.05), 
than the ones under the indentation rate of 5.95 μm/s. The mean elastic modulus for differ-
entiated cell was increased by 183%, while it is 80% for undifferentiated cell when inden-
tation rate varied from 0.5 to 5.95 μm/s. 
4. Discussion 
It is well acknowledged that the function of a cell is regulated by its structure, which 
varies during its adhesion, proliferation, differentiation, as well as during pathogenesis 
such as oxidative stress and attack of viruses and parasites.18 We have observed the dis-
tinct morphology variations (Figure 2) after the differentiation of SH-SY5Y cells induced 
by RA. The differentiated cells exhibited neurite extension compared to the undifferenti-
ated cells. The RA-induced differentiation in SH-SY5Y  cells were generally evaluated by 
Figure 4. The role of indentation rates on the elastic modulus.  
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their immunoreactivity of different neuronal markers6 and the resistance to hyperther-
mic stress.25 Although other types of cells were reported to have varied mechanical prop-
erties and cytoskeleton reorganization during differentiation or ageing process,12,26,27 re-
markably, the mechanical properties of SH-5Y5Y cells are barely characterized in the 
literature. 
The pyramid probe was adopted in this work for obtaining higher resolution map of lo-
cal elasticity. The elasticity of SH-SY5Y cells was calculated by fitting the classical Sned-
don model to the approaching portion of the AFM force curves.9,10,28 It is a widely accepted 
model for estimating the local elasticity especially when the indentations are controlled 
under small deformation.18 This model is justified considering the small indentation depth 
(<10% of cellular thickness) and the comparative nature of our work between undifferenti-
ated and differentiated SH-SY5Y cells.29 
We hypothesized here that cellular elasticity could be a biomarker for the differentia-
tion of SH-SY5Y cells, and used AFM to quantify the elasticity of both differentiated and 
undifferentiated SH-SY5Y cells. Results have shown that the differentiation of SH-SY5Y 
cell demanded a larger elastic modulus than the undifferentiated one, which demon-
strated a similar trend as the differentiation of other cell types, such as mammalian my-
ocytes26,30 and mouse embryonic stem cells.31 This indicated that the ability of differenti-
ated SH-SY5Y cells to resist elastic deformation increased compared to undifferentiated 
cells, which can be correlated to the changes of subcellular structures. The cytoskeleton, 
especially the actin cytoskeleton which interacts with cell membranes, is an important 
reflection of cellular structure organization. It was observed in Figure 2 that the differen-
tiated cell seems to possess a well-developed network of actin microfilaments than un-
differentiated cell. The lack of the well-developed actin filaments or their bundles in the 
undifferentiated cell leads to a weak cytoskeleton structure, which could explain the re-
duced elastic moduli of the undifferentiated cell when comparing to its differentiated 
counterpart. This also implies that the undifferentiated SH-SY5Y cells are prone to de-
formation and related migration.32 
Currently there is no standard AFM protocol specifying the indentation rate for the 
cellular testing, which could post difficulty to compare between observations from var-
ious research group.8,24 In this work, we have illustrated the effect of indentation rate 
on the measured elasticity of both undifferentiated and differentiated SH-SY5Y cells. 
It is clear that the higher indentation rate would induce the larger elastic modulus of 
cell. This could be explained by the viscoelastic nature of cellular materials,33,34 i.e., the 
potential energy is difficult to dissipate with a faster indentation. The actin network 
within the differentiated cell — better developed than the undifferentiated one (Figure 
2) — was also correlated to the different levels of viscous response. This agreed with 
the observation by Ketene et al.35 Moreover, the results of our indentation rate tests 
consistently showed that the differentiated SH-SY5Y cell is stiffer than the undifferen-
tiated counterpart.  
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5. Conclusion 
Our work has demonstrated that RA-induced neuronal differentiation not only changed 
the morphology of SH-SY5Y cell, but also increased the elasticity of the cell body. Both the 
differentiated and undifferentiated SH-SY5Y cells showed the heterogeneous mechanical 
properties on the surface of one single cell. It was suggested to check the indentation rate 
when comparing results from various resources. These results might suggest using elas-
ticity as a potential biomarker for cell differentiation or cell maturation of SH-SY5Y cells. 
These findings may aid the studies designed to investigate the pathogenesis of PD using 
SH-SY5Y cell lines as the in vitro model, where the biomechanical properties can be used 
to identify the neuronal differentiation stage of SH-SY5Y cells. Since the PD is an ageing-
related disease, the ageing impact on the SH-SY5Y cells will be incorporated into the fu-
ture investigations. 
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